The AD-4/ACE collaboration studies the biological effects of antiprotons with respect to a possible use of antiprotons in cancer therapy. In vitro experiments performed by the collaboration have shown an enhanced biological effectiveness for antiprotons relative to protons. One concern is the normal tissue dose resulting from secondary neutrons produced in the annihilation of antiprotons on the nucleons of the target atoms. Here we present the first organ specific Monte Carlo calculations of normal tissue equivalent neutron dose in antiproton therapy through the use of a segmented CT-based human phantom. The MCNPX Monte Carlo code was employed to quantify the peripheral dose for a cylindrical spread out Bragg peak representing a treatment volume of 1 cm diameter and 1 cm length in the frontal lobe of a segmented whole-body phantom of a 38 year old male. The secondary neutron organ dose was tallied as a function of energy and organ.
Introduction
Today, radiation therapy is one of the prominent treatments of cancer, both curative as well as palliative. For conventional photon irradiation, the maximum dose that can be delivered to a tumor is often limited by the tolerance of irradiated adjacent normal tissues. For many types of tumors, this has led to unacceptably low tumor control probability (TCP) and to high levels of morbidity. An alternative approach involves the use of protons and other heavier ions [1] [2] [3] [4] . As R. R. Wilson pointed out in 1946 [5] , for these charged particles both the amount and rate of energy deposition increase dramatically as the particle nears the end of its range. This results in a large enhancement in absorbed dose at a precise depth in tissue (the Bragg peak) compared with the dose deposited at the entrance to the body. For treatment purposes, the position of the Bragg peak needs to be spread out to cover the tumor volume and the production of such a spread-out Bragg peak (SOBP) results in a build up of plateau dose and hence a reduction in the ratio of dose in the SOBP relative to the plateau. However, in contrast to photons, for a given beam direction, the dose in the SOBP that covers the tumor volume always remains larger than that in the normal tissue entrance region.
High linear energy transfer (LET) particles such as carbon ions produce a much higher ionization density in the Bragg peak region than protons and consequently provide an increase in the relative biological effectiveness (RBE) of the dose deposited in the tumor [6] [7] [8] . This provides a potential further therapeutic advantage, especially for tumors that have a large hypoxic fraction or for those that are resistant to conventional radiation [9] . Furthermore, since very little dose is deposited distal to the Bragg peak, charged particles are ideally suited for treatments of tumors close to radiosensitive regions. While these favorable physical and biological characteristics have led to recent developments of proton and heavy ion cancer therapy centers worldwide, the search for possible enhancements of the therapeutic ratio (the ratio of effective dose delivered to the target region to the dose delivered to normal tissue) continues. Antiprotons exhibit similar features as protons while in flight, are intrinsically stable particles, and deposit about twice the energy of protons at the end of range due to annihilation at rest. This additional energy is deposited partially by high LET particles, which increases the biological effective dose even further. The enhanced biological effectiveness of antiproton annihilation in the vicinity of the Bragg peak is believed to be beneficial in the context of increasing tumor control while sparing the surrounding healthy tissue.
The AD-4/ACE collaboration is investigating the potential clinical benefit of antiprotons using the antiproton beam available at the Antiproton Decelerator (AD) at CERN. Initial experiments with 46.7 MeV antiprotons found the biological effective dose ratio (BEDR) between peak and plateau to be 4 times higher for antiprotons than for protons [10] . Recently, we have successfully performed precise measurement of the depth dose profile of antiprotons with ionization chambers [11] and alanine detectors [12] , and are therefore now able to extract the relative biological effectiveness (RBE) of antiproton beams from cell survival measurements. RBE values for different cell lines and endpoints can be extracted along the beam path and can be compared with those found for other particle beam modalities such as carbon ions and protons. The results of the physical dose and biological effectiveness measurements are used to benchmark particle transport and radiobiology Monte Carlo codes. Virtual treatment plans based upon the benchmarked Monte Carlo codes can then help to identify those tumor incidents where antiproton therapy may offer a decisive advantage over other modalities [13] . One important issue in the assessment of a new treatment modality is any background dose deposited outside of the primary target. In antiproton annihilation this background results from medium and long-range annihilation products, predominantly charged pions, high energy gammas, and neutrons. We have launched a major effort to address this effect using experiments and Monte Carlo calculations utilizing a variety of code packages. In this report we concentrate on the example of neutron equivalent dose to out-of-field organs using MCNPX v26F [14] .
Calculation of neutron equivalent dose
When an antiproton annihilates after being captured by the nucleus of a target atom, a number of neutrons, depending on the target nucleus, are emitted. The energy spectrum of these neutrons spans from thermal energies up to several hundred MeV, with a mean energy of approximately 50 MeV. The biological efficiency of these neutrons varies with energy and the International Commission on Radiological Protection (ICRP) has published weighting factors vs. energy for neutrons in human tissue. Because of the high biological effectiveness of neutrons and their abundance in the particle spectrum we decided to study the effect in detail.
Benchmarking of MCNPX
MCNPX is a Monte Carlo transport package that is widely used in clinical applications. Nevertheless, when applying it to antiproton therapy the code must be benchmarked against available experimental data to assure that correct physical models and transport parameters are utilized and the description of the annihilation process is complete. We have simulated both the bubble chamber experiments by Agnew et al. [15] and the neutron multiplicity for annihilation of antiprotons at rest in the center of slabs of 63 Cu reported by Polster et al. [16] . The physical models used in the simulations consisted of the Bertini model for nucleons and pions, the LAQGSM model was used for all heavy ions and light ions above 940 MeV/nucleon, and the ISABEL model was used for the remaining the light ions [15] . Our calculations for Agnews work agreed well with the experimental results after appropriate changes to the set cut-off energies were incorporated in the code [ Table 1 ]. We also found good agreement between the general shape of the energy spectrum of neutrons produced in the annihilation of antiprotons at rest in the center of a 63 Cu slab obtained by MCNPX and the analytical function given by Polster et al., but a slight overshoot in two distinct energy regions resulted in a higher overall neutron multiplicity than reported by Polster [16] . The overshoot may be related to the difficulties and unknowns in modeling the Polster experiments; however, the results were found to be adequate for the purposes of establishing an upper estimate of the neutron equivalent dose.
Virtual antiproton irradiation of a voxelized phantom
To model the biological effect of a patient treatment with antiprotons we used a voxelized phantom of a 38 year old living man (Golem) of approximately the same dimensions as the ICRP Man [17] . Golem has a weight of 68.9 kg and a height of 176 cm. The voxel size is 34.6 mm 3 . The planning target volume (PTV) consisted of a cylinder of 1 cm diameter and 1 cm length situated in the central lobe as shown in Fig. 1 . Comparative simulations were performed for both antiprotons and protons using active beam modulation. Spread-out Bragg peaks were generated by modulating the intensities and beam energies between 74 and 86 MeV, resulting in the profiles shown in Fig. 1c .
The dose deposited by neutrons resulting from the annihilation in the target was tallied for the individual organs of Golem as a function of neutron energy. The value for the normal tissue dose received by the brain was obtained by subtracting the tumor dose estimated using a mesh tally covering the target volume with a 1.5 mm margin from the total dose. Using the neutron dose as a function of energy obtained from MCNPX and the neutron radiation weighting factors given as a function of energy by ICRP, the physical dose in the different organs was then transformed to equivalent dose by integrating the product of the physical dose and radiation weighting factors over all energy bins. The resulting organ equivalent doses per gray of physical dose delivered to the target region for the antiproton and proton treatments are presented in Table 2 for a number of organs (simulation error implied by decimal point). For the purpose of generality, the enhanced SOBP RBE of antiprotons is not incorporated in this table
Conclusions
Using an anthropomorphic phantom, the first Monte Carlo estimates of tissue specific neutron equivalent dose in antiproton therapy have been produced. For scanning energy modulation, and a 1 cm cylindrical PTV in the brain, the calculated neutron equivalent doses for the organs of Golem range from .0001 to .8 mSv per Gy of SOBP, depending on the proximity to the SOBP. In order to properly compare these results with that of proton therapy, the enhanced RBE for antiprotons in the SOBP must be considered in addition to the physical dose normalized comparisons of Table 2 . Using the results from [10] this suggests that the neutron equivalent dose for antiproton therapy is roughly 60 times higher than what is obtained with protons for the given treatment plan. Here it should be noted that most proton therapy centers currently use passive scattering methods for beam delivery which increases the radiation level to the patient by 1-2 orders of magnitude [18] . Such delivery techniques are precluded for antiprotons by both the scarcity of these exotic particles and the high production rate for neutrons and pions by antiprotons interacting with the material of apertures and compensators. Future work will include a treatment plan which takes into account the RBE variation along the beam path. This will lower the actual number of antiprotons needed to deliver the identical biological effective dose to the tumor as for the proton treatment prescribed and will therefore reduce the number of neutrons produced. In addition to the peripheral neutron dose described here there is also a background of pions and high-energy photons produced in the antiproton annihilation event. Preliminary calculations show that the physical dose for these components is similar to the neutron dose, but as these particles have a low linear energy transfer we expect the equivalent dose to be below the neutron dose. Monte Carlo studies of these issues are ongoing in parallel to experimental studies of biological effects in the peripheral region.
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